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METHODS FOR NON-DESTRUCTIVELY 
EVALUATING AONED COMPONENT 

TECHNICAL FIELD 

The disclosed embodiments generally relate to non-de 
structive evaluation (NDE) methods. More particularly, the 
disclosed embodiments relate methods for non-destructively 
evaluating a joined component. 

BACKGROUND 

Metal joining methods play prominent roles in metallic 
component fabrication technology because virtually all Such 
products are fabricated by joining procedures that require 
joint integrity that equals or Surpasses component integrity. 
This field is extremely broad, involving many disciplines in 
Science and engineering, a myriad of metals, alloys, compos 
ites, ceramics, and design criteria. The solid State joining 
technologies represent large categories of manufacturing pro 
cesses including, but not limited to, bonding, brazing, and 
welding. Typically, welding can include arc welding, electron 
beam welding, diffusion bonding, chemical vapor deposition, 
adhesive bonding, fusion bonding, soldering, brazing, and 
friction welding. Originally developed on an empirical basis, 
these methods are accepted in today's manufacturing prac 
tices, though both products and processes often fail to meet 
the design criteria. 

The design criteria require a process that is capable of 
manufacturing a joint to a level of integrity that meets or 
exceeds component structural integrity when introduced to 
field applications. For a successful joining process, surfaces 
to be joined must be prepared so that they are compatible to 
each other, both chemically and mechanically. Even when 
satisfactory joining processes are devised, Subsequent perfor 
mance is often limited due to structural alterations that occur 
during the joining processes and concomitant degradation of 
engineering properties thereafter. Typical joining problems 
are associated with Surface preparation, pressure, tempera 
ture, and filler metals and often require Some means for moni 
toring any significant degradation in the product integrity. 
Historically both destructive and non-destructive evaluation 
(NDE) methods have been used to study structural integral 
integrity under varying manufacturing variables and for dif 
ferent joining processes: 1) Solid State joining, 2) liquid State 
joining, 3) fusion joining, and 4) atomic joining. However, 
use of destructive methods is applied to study product integ 
rity is time-consuming and cost-prohibitive and provides pla 
nar instead of volumetric view. Similarly, NDE methods have 
been used to a large number of parts but with limited suc 
CCSSCS. 

The selection of a NDE method for inspecting welded, 
brazed, and/or soldered structures or monitoring the nature of 
the metaljoining practices depends on a number of variables. 
Some of these are: 1) nature and location of discontinuities, 2) 
accessibility and environment, 3) type of materials, 4) detec 
tion capabilities, 5) skills and training of operators, and 6) 
economic considerations. Several NDE methods, including 
radiography, eddy current, penetrant inspection, thermal, and 
ultrasonic have been used. Each methods success varies. For 
example, conventional radiography is not suitable for detect 
ing extremely small defects. Penetrant has been found useful 
for cracks open to the Surface and does not provide any data 
on volumetric inspection. Similarly, ultrasonic offers both 
subsurface and volumetric inspections but if suffers from 
poor sensitivity when detecting tightly held bonded structures 
(difference between intimate contact and diffusion bond). A 
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2 
reliable NDE method for inspecting and monitoring metal 
joint structures and processes is desirable. 
A comparatively new emerging NDE technology is known 

as Acoustic Sensor Testing (AST) that is based on Non-Linear 
Acoustics (NA). Non-Linear Acoustics provides the most 
Suited and powerful means for evaluating the mechanical 
integrity of a part as NA is directly related to its interactions 
with mechanical and material properties of the part. NA may 
use low frequency that possesses low attenuation and diffrac 
tion and provides sensitivity comparable to high frequency. In 
that in contrast to conventional ultrasonic, which is sensitive 
to the presence of gross defects or open cracks, NA is sensi 
tive is sensitive in terms of wave-propagation characteristics 
to micro-crack, micro-porosity, and/or any mechanical deg 
radation. Typically, when a sinusoidal wave (tone-burst and/ 
or gated or any other forms) propagates through a joined or 
Solid medium, it distorts and generates a higher harmonics of 
the fundamental waveform, and resonant frequency shift 
mode as a result of the non-linearity of the propagation 
medium. Waveform distortion does not depend on frequency; 
both low frequency and high frequency generates distortion. 
The generation of higher harmonics due to presence of non 
linearity of the propagation medium is known as NA. NA has 
been used extensively in power, aerospace, and automotive 
industries. Depending on the accessibility, one can deploy 
different combinations, including but not limited to driving 
the part in pulse-echo, through transmission, and whole body 
vibration using either gated sine wave (example 5 MHz with 
5 cycles) or Sweeping with burst sine wave. In all these case, 
Non-linearity Acoustic will be used. Currently, there is no 
industry standard for NA but there are enough materials avail 
able to those having ordinary skill in the art. Besides, ASTM 
E234-10 may also serve some basis for this approach, though 
analytical tools proposed in it is widely differ from the one 
proposed in this invention. 

In light of the above-noted deficiencies in the art, it would 
therefore be desirable to provide improved NDE methods. 
Furthermore, other desirable features and characteristics of 
the present invention will become apparent from the subse 
quent detailed description of the invention and the appended 
claims, taken in conjunction with the accompanying draw 
ings and this background of the invention. 

BRIEF SUMMARY 

Methods for acoustic sensor monitoring of solid state join 
ing processes are disclosed herein. In an exemplary embodi 
ment, a method for non-destructively evaluating a joined 
component includes inducing vibrations in the joined com 
ponent within a range of frequencies and studying parts 
response in variety of ways, including harmonics, power 
spectrum, polarity of waveform, power spectrum, bispec 
trum, bicohence spectrum, pattern analysis criteria, Fast Fou 
rier Frequency (FFT), and other features in AST. 

In another exemplary embodiment, a method for non-de 
structively evaluating a sample joined component includes 
acquiring waveforms of a first plurality of joined components 
that include at least one joining flaw and of a second plurality 
ofjoined components that do not include joining flaws, study 
ing the pattern analysis criteria based on waveform and 
propagation characteristics from the first and second plurality 
ofjoined components using Acoustic Sensor Testing (AST) to 
differentiate the waveforms and pattern analysis criteria 
(WAC) of joined components that include a flaw and joined 
components that do not include a flaw, and comparing a of a 
sample joined component against the analyzed WAC to deter 
mine whether the sample joined component includes a flaw. 
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In yet another exemplary embodiment, a method for non 
destructive evaluation of a solid state joined component 
includes providing a plurality of acoustic sensors along a 
Solid state joint of the joined component, inducing vibrations 
in the joined component within a range of frequencies, sens 
ing different vibrations frequencies of the induced vibrations 
using the plurality of acoustic sensors, and analyzing the 
waveform features including higher harmonics and frequen 
cies using AST. 

This brief summary is provided to introduce a selection of 
concepts in a simplified form that are further described below 
in the detailed description. This brief summary is not intended 
to identify key features or essential features of the claimed 
Subject matter, nor is it intended to be used as an aid in 
determining the scope of the claimed subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will hereinafter be described in con 
junction with the following drawing figures, wherein like 
numerals denote like elements, and wherein: 

FIG. 1 depicts a top view of an exemplary NDE implemen 
tation on a bladed disk; 

FIG. 2 depicts a side of the exemplary NDE implementa 
tion shown in FIG. 1; 

FIG. 3 is a flow chart setting forth an NDE method in 
accordance with one embodiment of the present disclosure; 

FIG. 4 depicts an exemplary broadband range used in NDE 
of an exemplary bladed disk; 

FIG. 5 depicts a comparison between the waveform fea 
tures of a bladed disk that does not include any flaws and a 
bladed disk that includes at least one flaw; and 

FIG. 6 depicts a range of analysis features including power 
spectrum, bispectrum, coherence spectrum, and FFT trans 
formed using different tools from a plurality of non-flawed 
components and a plurality of flawed components. 

DETAILED DESCRIPTION 

The following detailed description is merely exemplary in 
nature and is not intended to limit the invention or the appli 
cation and uses of the invention. As used herein, the word 
“exemplary' means "serving as an example, instance, or 
illustration.” Any embodiment described herein as “exem 
plary” is not necessarily to be construed as preferred or 
advantageous over other embodiments. Furthermore, there is 
no intention to be bound by any theory presented in the 
preceding background or the following detailed description. 

In order to ensure the structural integrity of solid state 
joining processes, it is beneficial to employ a monitoring 
process during manufacturing thereof to proactively detect 
defects Such as lack of bonding, cracks, or foreign inclusions. 
Currently, no conventional NDE method is capable of 
adequate inspection of solid state joining processes. Embodi 
ments of the present disclosure, therefore, are directed to a 
novel NDE method capable of inspecting solid state joining 
processes using a novel acoustic sensor monitoring proce 
dure, thereby making Sure that no unacceptable anomalies are 
present in the joined region of the manufactured component. 
NANDE systems are comprised of hardware and software 

capable of inducing vibrations, recording part response to the 
induced vibrations, and executing analysis of the data col 
lected. Inputting a tone burst signals, gated sine waves, and 
swept sine wave into the part has proven to be an effective 
means of introducing mechanical vibration, and can be 
achieved with a high quality signal generator coupled with an 
appropriate active transducer in physical contact with the 
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4 
part. Collection of the parts acoustic response can be 
achieved by recording the signal generated by an appropriate 
passive vibration transducer. The Software required to ana 
lyze the available data may include a variety of suitable sta 
tistical analysis and pattern recognition tools. 
A desired wave signal generator and response measure 

ment system operating over the desired frequency range of 
the test part are provided. The signal generator should be 
calibrated to applicable industry standards, noted above. 
Transducers may or may not be operable over same frequency 
range. One to three transducers are typically used either 
pulse-echo or through transmission mode. However, one can 
use more than three transducers for acquiring part vibration 
response and analyzing Subsequently. Transducers typically 
operate in a dry environment, providing direct contact cou 
pling to the part under examination. However, non-contacting 
response methods can operate Suitably when parts are wet or 
oil-coated. Other than fixturing and transducer contact, no 
other contact with the part is allowed as these mechanical 
forces dampen certain vibrations. For optimal examination, 
parts should be placed precisely on the transducers as desired 
by vibration modes (examples generally, +0.062 in. (1.6 
mm) in each axis provides acceptable results). The examina 
tion nest and cabling shall isolate the Drive from Receive 
signals and ground returns, so as to not produce (mechanical 
or electrical) cross talk between channels. 

Driving frequencies are determined by size and shape of 
parts, nature and characteristics of joint regions as well as the 
dimensions and material properties of joined component. For 
example, for studying a highly thin bond, one needs high 
frequency. For studying whole body vibrations, one can use a 
widely-known formula: f-SQRT(k/m); where fresonant 
frequency; k Stiffness (elastic properties e.g., Young's 
Modulus); and m mass (dimensions, density). Structural 
defect strength reduction caused by degraded material prop 
erties or dimensional variation e.g., a crack reduces stiffness 
and lowers the resonant frequency, which can be observed on 
the output signal. Similarly, presence of Small micro-cracks, 
structural anomalies, or degraded bond region can distorts 
output response and thereby introduces additional harmonics. 
Also, bonded regions with micro-pores and/or -cracks trans 
mits only compression waves and therefore output waveform 
may appear to be positive rectified. 
The proposed system uses one transducer that excites the 

component uses either tone burst or gated signals through a 
range of frequencies from a few hundred HZ to over 20 MHz, 
depending on a parts size and elastic properties. The same 
or/and additional transducers then measure the output 
response of the component to the excitation. The inspection 
process requires only seconds to few seconds to accomplish 
for individual component parts and to several minutes for 
more complex assemblies. The NA has the ability to carry out 
a Superior inspection with and without no paint Stripping, no 
chemicals, and with no sensitivity to paint chips or Surface 
cleanliness. Eliminating the labor intensive cleaning pro 
cesses and Subjective inspection can save hours on a given 
inspection routine. The hardware measures the FFT, harmon 
ics, shift in frequency mode, changes in waveform and other 
features; and the Software analyzes the resonance pattern to 
determine the structural integrity of the part. The software is 
based on a known technique, Waveform Analysis Criteria 
(WAC), and uses generic pattern recognition algorithms and 
is able to detect relevant frequency shifts that occur when the 
parts material properties change due to work hardening, 
cracking, material loss, or other defects. 
AST uses patented generic pattern recognition algorithms 

or in-house tools or both to develop sorting modules that 
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evaluate the frequency responses of tested components. With 
the sorting modules developed the software eliminates the 
need for costly training of technicians because the algorithms 
make the real-time assessment of the part not the technicians. 
AST algorithms contain built-in pattern recognition which 

performs data analysis while the software's cross-validation 
capability compares patterns with those in the part database. 
AST algorithms optimize the number of features necessary 
for part evaluation. Further, they provide optimization and 
selects relevant features for detection of desired defects. 
Additionally, they can compensate for normal part variations 
by using only selected features sensitive to the typical defects 
encountered. 
The NDE approach disclosed herein is based on NA, and 

AST offers a wide range inspection wherein an external trans 
ducer driven by tone burst, gated, and wept sine wave is used 
to excite a part. One or more other sensors are used to capture 
parts vibration responses. The AST method acquires metallic 
and non-metallic parts waveform and frequency pattern dif 
ference that is used to identify parts with anomalies causing 
deficiencies in the expected performance of the part in Ser 
vice. This practice is intended for use with instruments 
capable of exciting, measuring, recording and analyzing mul 
tiple whole body mechanical vibrations within parts exhibit 
ing acoustical ringing in the audio or ultrasonic, or both 
resonant frequency ranges. AST is used in the presence of 
manufacturing process variance to distinguish acceptable 
parts from those containing significant anomalies in physical 
characteristics expected to significantly alter the perfor 
mance. Such physical characteristics include but are not lim 
ited to cracks, voids, porosity, shrink, inclusions, discontinui 
ties, grain and crystalline structure differences, density 
related anomalies, heat treatment variations, material elastic 
properties differences, residual stress and dimensional varia 
tions. 

In one embodiment, with reference to an exemplary bladed 
disk “BLISK” 100 for use in turbo-machinery, the basicNDE 
setup is provided with reference to FIGS. 1 (top view) and 2 
(side view). The positioning of the sensors is noted at loca 
tions 105, along solid state joint 101. 

The sensors positioning can vary depending on the appli 
cation and can be place from top or along the circumference. 
Resonant pattern differences are completed using Such 
parameters as frequency shift, split in frequency, waveform 
shape, power spectrum, bispectrum, co-spectrum, FFT, Qual 
ity Factor, bandwidth at +/-3 dB or any other gain level. The 
characteristic of output response obtained from a part depend 
largely on its structural integrity in addition to its mass and 
density as discuss earlier in this document. In addition, it 
depends on shape and size of the part. For example, it has been 
observed the shift in frequency is related to the change in 
young modulus and density, dimensions, or any other struc 
tural changes, which in turn, may be due to the presence of 
porosity, micro-pores, micro-cracks, inclusions, microstruc 
ture changes, grain size variation, heat treatment, and dimen 
sional changes. Split in frequency has been mostly observed 
due to presence of cracks or combination of other anomalies. 
And the widening of waveform has been reported due to the 
mechanical loss in the part. The latter is based on the hypoth 
esis that any part Subjected to an external driver/vibrator can 
be treated as a mechanical vibrator and the resultant wave 
form is explicitly related to the mechanical quality factor (Q). 
Wide bandwidth equals a low Q or high loss and vice versa as 
often noted in ultrasonic transducers. Using the presently 
disclosed NDE methodology, the evaluation process is a 
faster, cheaper, cleaner, and operator independent, and a Such 
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6 
provides an NDE method that determines the structural integ 
rity, including presence of different kinds of anomalies. 
The presently disclosed methodology, in one embodiment, 

is described with regard to FIG. 3 (method 300). Prior to 
beginning the method, a variety of known "good” and “bad” 
joined devices should be acquired for testing purposes. 
Method 300 begins with a step 301 of calibrating the AST 
setup with known reference standards or typical parts. 
Method 300 continues with a step 302 of repeating a number 
of measurements, for example thirty measurements, on the 
same part for calculating repeatability. Method 300 further 
includes a step 303 of acquiring waveforms for each part for 
both groups (the known good and bad parts). Method 300 
continues with a step 304 of identifying relevant waveforms 
and/or features in the spectrums for comparing variation 
within a group and then between the two groups. Finally, 
method 300 concludes with a step 305 of using/applying AST 
algorithms for studying any differences between these two 
groups. 

EXAMPLE 

The AST system can vibrate a part over a very wide range 
of frequencies (1 HZ-20,000 kHz). However, the resonances 
that can be used for production sorting of parts typically 
reside in a much smaller frequency range and are dependent 
on the elastic modulus, mass, and geometry of a part. For each 
type of part, a unique broadband must be established. A 
broadband is created by selecting a usable range of frequen 
cies. This frequency range is determined by reviewing reso 
nance spectrum associated with a set of sample parts. The 
criteria for selecting start and end frequencies for abroadband 
are typically based on the quantity and quality of resonances 
present. 
A sample BLISK was used to establish a broadband. The 

broadband range used in this project was 1-91.2 kHz and is 
shown in FIG. 4 (step 301, above). The resonance waveforms 
for 66 acceptable rotors and 15 unacceptable rotors were 
logged into the database (steps 302 and 303 above). 

After all rotors were logged, the AST software was used to 
inspect the resonance peak selection (steps 304 and 305, 
above). Careful analysis of each band was performed to make 
sure that the peaks selected were correctly aligned. The soft 
ware was then used to establish a sort between the “good” and 
“bad” rotors. This sort was then validated. 
Shown in FIG. 5 replace with the brazed part or include is 

an example of Some of the resonance data for two of the 
“good BLSIKs (area 501) and two of the “bad” BLISKs 
(area 502). The magenta colored lines indicate significant 
resonance peaks. Notice how the resonance peaks for “bad” 
BLISKs are shifted slightly to the left in comparison to the 
“good BLISKs. This shifting of peaks is a typical indication 
of a difference of the spectra waveform for parts. 
The resonance difference is used by the AST system to 

inspect parts and classify (sort) them as good or bad. As 
shown in FIG. 6, the AST algorithm is able, using the input 
data from known good and bad parts, to create and identify a 
range of spectra waveform that corresponds with "good’ 
parts (shown as area 601) and “bad” parts (shown as area 
602). Using this data, NDE can be performed on solid state 
joined parts during manufacturing using AST, and the part 
can be identified as a good part or a bad part based on the 
resonance and the AST algorithms applied thereto. An opera 
tor can easily determine, using a plot such as FIG. 6, whether 
the part falls into the category of a good part or a bad part. 

While at least one exemplary embodiment has been pre 
sented in the foregoing detailed description of the invention, 
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it should be appreciated that a vast number of variations exist. 
It should also be appreciated that the exemplary embodiment 
or exemplary embodiments are only examples, and are not 
intended to limit the scope, applicability, or configuration of 
the invention in any way. Rather, the foregoing detailed 
description will provide those skilled in the art with a conve 
nient road map for implementing an exemplary embodiment 
of the invention. It being understood that various changes 
may be made in the function and arrangement of elements 
described in an exemplary embodiment without departing 
from the scope of the invention as set forth in the appended 
claims. 
What is claimed is: 
1. A method for non-destructively evaluating a joined com 

ponent, comprising: 
providing the joined component that comprises either a 

dual-alloy component or a solid-state joined component; 
inducing vibrations in the joined component within a range 

of acoustic frequencies by placing a first transducer 
along a joint of the joined component, wherein inducing 
vibrations within a range of acoustic frequencies com 
prises inducing vibrations within a range of frequencies 
that is a subset of the range offrequencies from 20 HZ-20 
kHz: 

acquiring waveforms or fast Fourier transforms (FFT) or 
both as a resonance spectra from the joined component 
resulting from the induced vibrations by placing a sec 
ond transducer along the joint of the joined component; 
and 

analyzing the resonance spectra using process compen 
sated resonant testing/acoustic sensor testing (AST). 

2. The method of claim 1, wherein evaluating the compo 
nent joined by Solid state joining comprises evaluating a 
component joined by bonding, fusion, HIP brazing, or weld 
ing. 

3. The method of claim 1, wherein inducing vibrations 
includes generating a tone burst or gated sine wave, or swept 
amplitude sine wave. 

4. The method of claim 1, wherein inducing vibrations 
within the Subset of frequencies comprises inducing vibra 
tions within a subset of frequencies that is determined at least 
in part based on properties, dimensions, and geometry of the 
joined component. 

5. A method for non-destructively evaluating a sample 
joined component, comprising: 

acquiring a part response waveform or fast Fourier trans 
forms (FFT) or both as resonance spectra components 
within an acoustic frequency range, that being 20 HZ to 
20 kHz, for each of a first plurality of solid-state or 
dual-alloy joined components that include at least one 
joining flaw and of a second plurality of Solid-state or 
dual-alloy joined components that do not include joining 
flaws; 

analyzing the part response from the first and second plu 
rality of joined components using process compensated 
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8 
resonant testing/acoustic sensor testing (AST) to differ 
entiate the spectra of joined components that include a 
flaw and joined components that do not include a flaw: 
and 

comparing a response of a sample joined component 
against the analyzed response to determine whether the 
sample joined component includes a flaw. 

6. The method of claim 5, wherein evaluating the compo 
nent joined by Solid state joining comprises evaluating a 
component joined by bonding, brazing, or welding. 

7. The method of claim 5, wherein acquiring a resonance 
spectra includes generating a Swept amplitude sine wave or 
toneburst signal generator or gated sine wave. 

8. The method of claim 5, wherein the joining flaw includes 
one or more of a crack, Void, porosity, shrink, inclusion, 
discontinuity, grain and crystalline structure difference, den 
sity related anomaly, heat treatment variation, material elastic 
properties difference, or residual stress and dimensional 
variation. 

9. The method of claim 8, wherein the joining flaw is 
present as a result of a manufacturing process of the joined 
component. 

10. A method for non-destructively evaluating a solid state 
joined component, comprising: 

providing a plurality of acoustic sensors along a solid state 
joint of the joined component, the joined component 
being either a dual-alloy component or a solid-state 
joined component; 

inducing vibrations in the joined component within a range 
of acoustic frequencies using at least a first of the plu 
rality of acoustic sensors, wherein inducing vibrations 
within a range of acoustic frequencies comprises induc 
ing vibrations within a range of frequencies that is a 
subset of the range of frequencies from 20 HZ-20 kHz: 

sensing a response in terms of waveforms or fast Fourier 
transforms (FFT) or both of the induced vibrations using 
at least a second of the plurality of acoustic sensors; and 

analyzing the resonance frequencies using process com 
pensated resonant testing/acoustic sensortesting (AST). 

11. The method of claim 10, wherein evaluating the solid 
state joined component comprises evaluating a component 
joined by bonding, brazing, or welding. 

12. The method of claim 10, wherein inducing vibrations 
includes generating a swept sine wave. 

13. The method of claim 10, wherein inducing vibrations 
within the Subset of frequencies comprises inducing vibra 
tions within a subset of frequencies that is determined at least 
in part based on an elastic modulus, a mass, or a geometry of 
the joined component. 

k k k k k 
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